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(57)Abstract: 

PURPOSE: To enable a gallium nitride compound 
semiconductor light emitting element to be lessened in 
forward potential and improved in emission efficiency by 
a method wherein a PH:ype GaN contact layer is formed 
on a specific Mg- doped clad layer. 

CONSTITUTION: A buffer layer 2 is grown on a sapphire 
substrate 1. and then an Si-doped N-type GaN layer 3 is 
made to grow thereon. Thereafter, an Si- doped 
Ga0.86AI0.14N layer is grown as an N-type clad layer 4, 
and furthermore an Si-doped InO.01GaO.99N layer is 
grown as an N-type active layer 5. Then, an Mg-doped 
P-type GaN layer is grown as a P-type contact layer 6. 
Thereafter, the substrate 1 is taken out of a reaction 
oven and annealed to lessen a P-type GaAl layer 6 and 
a P-type GaN contact layer 7 in resistance. The wafer 
obtained as above is etched to make the N-type GaN 
layer 3 exposed, an Au electrode 8 is provided to the P- 
type GaN contact layer 7. an Al electrode 9 is provided 
onto the N-type GaN layer 3, and then the wafer is 
annealed again and then cut into chips. 
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[Title of the Invention] 

GALLIUM NITRIDE COMPOUND LIGHT-EMITTING SEMICONDUCTOR 
DEVICE 
[Summary] 
[Object] 

There is provided the structure of a gallium nitride 
compound semiconductor which can obtain a p-type crystal and 
ohmic contact to lower Vf and enhance the light emission 
efficiency. There is provided the structure of a light-emitting 
device of a novel double hetero structure to increase the light 
emission output of the light-emitting device. 
[Constitution] 

A gallium nitride compound light-emitting semiconductor 
device of a double hetero structure having a p - n junction 
includes, on an Mg-doped p-type Gai_xAlxN (0<X<0.5) clad layer, 
an Mg-doped p-type GaN contact layer as a layer on which an 
electrode is to be formed. 

What is claimed is: 

1. A gallium nitride compound light-emitting 
semiconductor device of a double hetero structure having a p 
- n junction comprising, on an Mg-doped p-type Ga^.^Al^N (0 < 
X < 0-5) clad layer, an Mg-doped p-type GaN contact, layer as 
a layer on which an electrode is to be formed. 

2. The gallium nitride compound light-emitting 
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semiconductor device according to claim 1, wherein the film 
thickness of said p-type Gai.xAl^N clad layer is 10 A to 0 . 2 

3, The gallium nitride compound light-emitting 
semiconductor device according to claim 1, wherein the film 
thickness of said p-type GaN contact layer is 10 A to 0.5^ 
m. 

4. The gallium nitride compound light-emitting 
semiconductor device according to claim 1, wherein an n-type 
Gai_YAlyN clad layer (0 < Y < 1) and an n-type In.Ga^.^N active 
layer (0 < Z < 1) are laminated in that order on an n-type gallium 
nitride compound semiconductor layer and said p-type Ga^.x^lxN 
clad layer is laminated on the n-type In^Gai.zN active layer. 

[Detailed Description of the* Invention] 
[0001] 

[Field of the Invention] 

The present invention relates to a light-emitting device 
using a gallium nitride compound semiconductor. In particular, 
the present invention relates to a gallium nitride compound 
light-emitting semiconductor device having a low forward 
voltage (Vf) and a high light emission output. 

[0002] 

[Prior Art] 

A gallium nitride compound semiconductor of GaN, GaAlN, 
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InGaN or InAlGaN has direct transition and its bandgap is varied 
from 1 . 95 e to 6 eV. It is regarded to be promising as the material 
of a light-emitting device such as a^ light-emitting diode and 
a laser diode. As a light-emitting device using the material, 
there is known currently a blue light-emitting diode of the • 
so-called MIS structure in which a high-resistance i-type 
gallium nitride compound semiconductor into which a p-type 
dopant is doped is laminated on an n-type gallium nitride 
compound semiconductor . 
[0003] 

A light-emitting device of an MIS structure generally has 
a very low light emission output, which is not enough to be 
practical- As a technique for realizing a p - n junction 
light-emitting device in which the high-resistance i type is 
replaced by a low-resistance p-type to increase the light 
emission output, for example, Japanese Patent Application 
Laid-open No . 218325/1991 discloses a technique for irradiating 
an electron beam onto an i-type gallium nitride compound 
semiconductor layer. We have also proposed in Japanese Patent 
Application No . 35704 6/1991 a technique in which an i-type 
gallium nitride compound semiconductor layer is annealed at 
above 400'C to be of a low-resistance p-type. 
[0004] 

As a light-emitting device using a p - n junction gallium 
nitride compound semiconductor, Japanese Patent Application 
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Laid-open No. 242985/1992 proposes a laser device of a double 
hetero structure. In addition, Japanese Patent Application 
Laid-open No. 209577/1992 proposes a light-emitting diode of a 
double hetero structure having an InGaAlN as a light emission 
layer . 
[0005] 

[Problems to be Solved by the Invention] 

It is known that a p - n junction light-emitting 
semiconductor device of a double hetero structure has a light 
emission output higher than that of a homo structure and only 
a laser device of at least a hetero structure can be realized. 
When a gallium nitride compound light-emitting semiconductor 
device of a double hetero structure is realized, the 
crystallinity of a gallium nitride compound semiconductor is 
significantly different due to the type and the composition 
ratio of the gallium nitride compound semiconductor used. A 
large difference in light emission output appears. In the 
extreme, in reality, a device exhibiting no light emission at 
all is produced. When an electrode is arranged to provide a 
device structure, a p-type crystal of a gallium nitride compound 
semiconductor is not ohmic contacted with the electrode formed 
on the p-type crystal. The forward voltage (Vf) is increased 
to the determined forward current to lower the light emission 
efficiency. In a gallium nitride compound light-emitting 
semiconductor device, light-emitting diodes of a hetero 
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structure have not been produced yet. In fact, even laser 

devices have not been oscillated yet. 

[0006] 

A first object of the present invention is to provide the 
structure of a gallium nitride compound semiconductor which can 
obtain a p-type crystal and ohmic contact to lower Vf and enhance 
the light emission efficiency. A second object of the present 
invention is to provide the structure of a light-emitting device 
of a novel double hetero structure using the gallium nitride 
compound semiconductor to increase the light emission output 
of the light-emitting device. 
[0007] 

[Means for Solving the Problems] 

We have found that an electrode is formed on a p-type 
gallium nitride laminated on a specific p-type gallium nitride 
compound semiconductor so as to obtain ohmic contact of the 
electrode and the p-type gallium nitride layer, enhancing the 
light emission efficiency. Further, a light-emitting device 
using the p-type gallium nitride compound semiconductor layer 
is of a specific double hetero structure and the type of the 
gallium nitride compound semiconductor having a double hetero 
structure is limited. We have also found that a device 
laminating a gallium nitride compound semiconductor having the 
most excellent crystallinity can be obtained to increase the 
light emission output. In other words, in a gallium nitride 
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compound light-emitting semiconductor device of the present 
invention, a gallium nitride compound light-emitting 
semiconductor device of a double, heterp structure having a p 
- n junction includes, on an Mg-doped p-type Ga^.^Al^N (0 < X 
< 0.5) clad layer, an Mg-doped p-type GaN contact layer as a 
layer on which an electrode is to be formed. Further, in the 
light-emitting device of a specific double hetero structure, 
an n-type Gai.^AlyN clad layer (0 <,Y < 1), an n-type In^Ga^.^N 
active layer (0 < Z < 1) , the p-type Gai^^^lxN clad layer, and 
the p-type GaN contact layer are laminated on an n-type gallium 
nitride compound semiconductor layer. 
[0008] 

Fig. 1 illustrates a cross-sectional view showing the 
structure of a gallium nitride compound light-emitting 
semiconductor device of the present invention. From the bottom, 
on a substrate 1, there are laminated a buffer layer 2, an n-type 
gallium nitride compound semiconductor layer 3, an n-type 
Gai^yAlyN clad layer 4 (0 < Y < 1), an n-type In.Ga^.^N (0 < Z < 
1) active layer 5, an Mg-doped p-type Ga^.^Al^N (0 < X < 0.5) 
clad layer 6, and an Mg-doped p-type GaN contact layer 7 in that 
order. The numeral 8 denotes an electrode provided in the 
Mg-doped p-type GaN contact layer 7. The numeral 9 denotes an 
electrode provided in the n-type gallium nitride compound 
semiconductor layer 3. Sapphire, ZnO, SiC, and Si are used as 
the substrate 1. AIN, GaN, and GaAlN are used as the buff er layer 
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2. 

[0009] 

In the gallium nitride compouTid light-emitting 
semiconductor device, the type of- the n-type gallium nitride 
compound semiconductor layer 3 is not particularly limited. It 
is possible to use an undoped (additive-free) gallium nitride 
compound semiconductor of GaN, GaAlN, InGaN and InAlGaN or a 
layer grown by doping an n-type dopant such as Si, Ge, Te and 
Se into the undoped gallium nitride compound semiconductor so 
as to exhibit an n-type characteristic. 
[0010] 

The n-type Ga^.yAlyN clad layer 4 must have a composition 
of gallium aluminum nitride of a ternary compound crystal not 
including In. When the n-type Ga^.^Al^N clad layer 4 contains 
indium, the crystallinity of the clad layer 4 is deteriorated 
to lower the light emission output. The n-type Gaj.yAlyN clad 
layer 4 has Y value of 0 < Y < 1 so as to act as an n-type clad 
layer to be of a preferable double hetero structure. More 
preferably, the Y value is 0.5 or below to obtain the n-type 
clad layer 4 having few lattice defects and a good crystallinity. 
As described above, as the n-type Ga^.Y^l^N clad layer 4, it is 
possible to use undoped Ga^.^Al^N or Ga^.^Al^N grown by doping an 
n-type dopant so as to exhibit an n-type characteristic. 
[0011] 

The n-type In^Gaj^^N active layer 5 must have a composition 
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of indium gallium nitride of a ternary compound crystal not 
including Al . The active layer is a light emission layer. The 
light emission layer contains Al so that light emission at a 
deep level appears to tend to inhibit light emission between 
bands of InGaN. It is undesireable to use it as an active layer. 
The n-type In^Gaj.EN active layer 5 has Z value of 0 < Z < 1 to 
convert the light emission wavelength from purple to red, which 
is very advantageous. As described above, as the n-type In^Gaj.zN 
active layer, it is possible to use an undoped In^Gaj.zN layer 
or an InjGai.j layer grown by doping an n-type dopant so as to 
exhibit an n-type characteristic. In addition, as the light 
emission center, it is possible to use an In^Gai.^N layer grown 
by doping a p-type dopant such as Mg, Zn, Cd, Be and Ca. so as 
to exhibit an n-type characteristic. Further, it is possible 
to use an In^Ga^.^N layer grown by doping an n-type dopant and 
a p-type dopant so as to exhibit an n-type characteristic. These 
dopants are doped to provide an n type so that the color purity 
of the light emission color is enhanced to increase the light 
emission output. 
[0012] 

The Mg-doped p-type Gaj.xAl^N clad layer 6 must have a 
composition of gallium aluminum nitride of a ternary compound 
crystal not including In, as in the n-type Ga^.^Al^N clad layer 
4. As described above, indium is contained so that the 
crystallinity of the p-type clad layer 6 is deteriorated and 
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the p-type characteristic is hard to be exhibited. In addition, 
X value of the p-type Ga^.x^lxN clad layer 6 must be 0 < X < 0.5. 
The p-type Gai.xAl^N clad layer has the X value larger than 0 
so as to act as a p-type clad layer to be of a preferable double 
hetero structure. The X value is smaller than 0.5 to obtain the 
p-type clad layer 6 having few lattice defects and good 
crystallinity . On the contrary, it is 0.5 or more, the 
crystallinity of the p-type GaN contact layer 7 laminated on 
the p-type clad layer 6 is deteriorated. The ohmic contact of 
the contact layer 7 with the electrode 8 cannot be obtained. 
Its limit value is less than 0.5. Further, the film thickness 
of the Mg-doped p-type Gai.xAl^N clad layer 6 is preferably 10 
A to 0.2jum. When it is smaller than lOA, the layer 6 is easily 
electrically short-circuited with the n-type In^Ga^.j^N active 
layer 5 laminated thereunder so as to be hard to act as a. clad 
layer. On the contrary, when it is larger than 0.2}im, the 
crystal is easily cracked to tend to deteriorate the 
crystallinity. In the p-type Ga^.xAlxN clad layer, it is 
important that with the p-type dopant as Mg, the Mg provide the 
p-type characteristic. In place of the Mg, when other p-type 
dopants, for example, p-type dopants such as Zn, Cd, Be and Ca 
are doped, the p-type characteristic is hard to be obtained to 
tend to lower the light emission output. 
[0013] 

The Mg-doped p-type GaN contact layer 7 must have a 
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composition of gallium nitride of a binary compound crystal not 
including In and Al . It contains indium and aluminum so that 
ohnic contact with the electrode 8. is hard to be obtained to 
lower the light emission efficiency". In particular, the film 
thickness of the p-type GaN contact layer is preferably adjusted 
to 10 A to 0.5/im. When the layer has a film thickness smaller 
than lOA, it is easily electrically short-circuited with the 
p-type GaAlN clad layer 6 and is hard to act as a contact layer. 
On the GaAlN clad layer 6 of a ternary compound crystal, a GaN 
contact layer of a binary compound crystal having a different 
composition is laminated. The film thickness is larger than 0.5 
fxm, lattice defects due to misfit between the crystals are 
easily caused in the GaN contact layer 7 to tend to lower the 
crystallinity . As the film thickness of the contact layer 7 is 
smaller, Vf is lowered to enhance the light emission efficiency. 
The p-type dopant of the p-type GaN contact layer 7 must be Mg . 
When other p-type dopants are doped in place of Mg, the p-type 
characteristic is tend to be hard to be obtained. In addition, 
ohmic contact tends to be hard to be obtained . 
[0014] 

As a means for allowing the p-type Gaj.xAl^N clad layer 
6 and the p-type GaN layer to be low resistance, an annealing 
treatment at above 4 00°C disclosed in the above-mentioned 
Japanese Patent Application No . 357046/1991 may be conducted. 
When the annealing is conducted, both the p-type clad layer and 
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p-type contact layer are allowed to be low resistance to 
increase the light emission output, 

[0015] 

[Operation] 

In the gallium nitride compound light-emitting 
semiconductor device of a double hetero structure using a p - 
n junction, the Mg-dope p-type GaN contact layer 7 is formed 
on the Mg-doped p-type Gai_xAlxN clad layer 6, and the electrode 
8 is formed on the GaN contact layer so as to obtain ohmic contact 
to enhance the light emission efficiency. The detailed 
principle is unclear. When we have measured hole carrier 
densities of those layers, that of the p-type Gai.xAl^N layer 
is about lO^Vcm^ and that of the p-type GaN layer is about 10^Vcm^ 
which is larger by an order of magnitude. We guess that the 
electrode is formed on the layer having a higher hole carrier 
density so as to easily obtain ohmic contact. The p-type GaN 
contact layer 7 having a different composition is formed on the 
p-type GaAlN clad layer 6. Lattice defects due to the misfit 
are easily caused in the p-type GaN layer to lower the 
crystallinity. To reduce the misfit, the Al compound crystal 
ratio of the p-type GaAlN clad layer 6 may be smaller. The limit 
value in which the crystallinity of the p-type GaN contact layer 
7 is good and ohmic contact with the electrode 8, is X value 
of 0.5. 
[0016] 
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[Examples] 

A method of manufacturing a gallium nitride compound 
light-emitting semiconductor device = of the present invention 
using a metal organic vapor phase epitaxy method will be 
described below. 

[0017] 

[Example 1] 

A sapphire substrate 1 is placed in a reactor vessel to 
clean the sapphire substrate 1. The growth temperature is set 
to 510°C. Hydrogen is used as a carrier gas and ammonia and TMG 

(trimethylgallium) are used as a material gas. A GaN buffer 
layer 2 is grown on the sapphire substrate so as to have a film 
thickness of about 200 A. 

[0018] 

After the buffer layer 2 is grown, only TMG is stopped 
to raise the temperature to 1030°C. At 1030°C, TMG and ammonia 
gas are used as a material gas and a silane gas is used as a 
dopant gas. An Si-doped n-type GaN layer 3 is grown by 4/zm. 
[0019]- 

After the n-type GaN layer 3 is grown, the material gas 
and the dopant gas are stopped. At 800^, TMG, TMA 

(trimethylaluminum) and ammonia are used as a material gas and 
a silane gas is used a dopant gas. An Si-doped Ga0.86A10.14N 
layer is grown by 0.15jum, as an n-type clad layer 4. 

[0020] 
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The material gas and the dopant gas are stopped. At 800''C, 
the carrier gas is switched to nitrogen. TMG, TMI 
( trimethylindium) and ammonia ar-e used, as a material gas and 
a silane gas is used a dopant gas": An Si-doped InO.01GaO.99N 
layer is grown by lOOA, as an n-type active layer 5. 
[0021] 

The material gas and the dopant gas are stopped. The 
temperature is raised to 1020°C. TMG, TMA, ammonia are used as 
a material gas and Cp2Mg (cyclopentadienyl magnesium) is used 
as a dopant gas. An Mg-doped p-type GaO - 8 6A10 . 14N layer is grown 
by 0.15/zm, as a p-type clad layer 6. 
[0022] 

Only TMA is stopped. An Mg-doped p-type Ga N layer is grown 
by 0.4/ini, as a p-type contact layer 7. 
[0023] 

After growth, the substrate is taken out from the reactor 
vessel and is then annealed at 700°C for 20 minutes in a nitrogen 
atmosphere in an annealing apparatus. The p-type GaO . 8 6A10 . 14N 
layer and the p-type GaN contact layer are allowed to be low 
resistance . 
[0024] 

The wafer obtained as described above is etched as shown 
in Fig. 1 to expose the n-type GaN layer 3. The electrode 8 of 
Au is provided on the p-type GaN contact layer 7 and the electrode 
9 of Al is provided on the n-type GaN layer 3. Annealing is 
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conducted again at 500*C to conform the electrodes to the 
gallium nitride compound semiconductor. The wafer is cut into 
a chip of a 500 /xm square according to a conventional method 
to be a light-emitting diode. At a forward current of 20mA, the 
light-emitting diode exhibits excellent properties including 
Vf of 5V, a light emission wavelength of 370nm, a light emission 
output of 700 mW, and a light emission efficiency of 0.7%. 

[0025] 

[Example 2] 

A light-emitting diode is obtained as in Example 1 except 
that the film thickness of the Mg-doped p-type GaN contact layer 
is 0.1 /im. At a forward current of 20mA, the light emission 
wavelength and the light emission output are the same. V f is 
lowered to 4V to enhance the light emission efficiency to 0 . 88% . 

[0026] 

[Example 2] 

A light-emitting diode is obtained as in Example 1 except 
that the film thickness of the p-type Mg-doped p-type GaN 
contact layer is 0.1 /im. At a forward current of 20mA, the light 
emission wavelength and the light emission output are the same. 
V f is lowered to 4V to enhance the light emission efficiency 
to 0.88%. 

[0027] 

[Example 3] 

A light-emitting diode is obtained as in Example 1 except 
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that the flow rate of the TMA is increased and the Al compound 
crystal ratio of the p-type clad layer 6 is GaO.55A10.45N. At 
a forward current of 20mA, Vf is 6V.and exhibits almost the limit 
value to obtain ohmic contact. The light emission wavelength 
is the same, the light emission output is 400 ^W, and the light 
emission efficiency is 0.2%. 

[0028] 

[Example 4] 

A light-emitting diode as in Example 1 except that the 
n-type clad layer 4 is not grown. At a forward current of 20mA, 
Vf is 5V, the light emission output is 200 ^W, and the light 
emission efficiency is 0.2%. 
[0029] 

[Comparative Example 1] 

A light-emitting diode is obtained as in Example 1 except 
that the flow rate of the TMA is increased and the Al compound 
crystal ratio of the p-type clad layer 6 is Ga0.5A10.5N. It is 
found that at a forward current of 20mA, Vf is raised to 30V 
and, ohmic contact cannot be obtained- The device has large Vf, 
which cannot emit a light quickly. 

[0030] 

[Comparative Example 2] 

A light-emitting diode is obtained as in Example 1 except 
that the p-type contact layer 7 is not formed and the electrode 
is formed directly on the p-type clad layer 6. At a forward 
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current of 20mA, Vf is raised to 30V and ohmic contact cannot 
be obtained. The device cannot emit a light quickly, as in 
Comparative Example 1. - - 

[0031] 

[Comparative Example 3] 

A light-emitting diode is obtained as in Example 1 except 
that when the p-type clad layer 6 is grown, TMI is added to the 
material gas to switch the carrier gas to nitrogen and the 
Mg-doped p-type In0.01A10.14Ga0.85N clad layer is grown at a 
growth temperature of 800°C. When a forward current of 20mA is 
flowed, it cannot emit a light quickly. 

[0032] 

[Effect of the Invention] 

As described above, the gallium nitride compound 
light-emitting semiconductor device of the present invention 
includes, on a p-type GaAlN clad layer, a p-type GaN layer as 
a contact layer. The device has low Vf and an excellent light 
emission efficiency. The Al compound crystal ratio of the p-type 
GaAlN layer is limited to obtain the p-type clad layer and the 
p-type contact layer having excellent crystallinity , 
contributing significantly to lowered Vf. 

[0033] 

An n-type gallium nitride compound semiconductor layer, 
an n-type GaAlN clad layer, and an n-type InGaN layer are 
laminated. The p-type GaAlN clad layer and the p-type GaN 
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contact layer are laminated. A light-emitting device having 
excellent light emission output and light emission efficiency 
can be realized. As a hint of the structure of a laser device 
which has not been realized yet, 'its industrial utilization 
value is large, 
[0034] 

[Brief Description of the Drawings] 

Fig. 1 is a schematic cross-sectional view showing the 
structure of a light-emitting device according to an example 
of the present invention. 
[Description of the Reference Numerals] 

1 Sapphire substrate 

2 GaN buffer layer 

3 n-type gallium nitride compound semiconductor layer 

4 n-type Gai.YAlyN clad layer 

5 n-type In^Ga^.^N active layer 

6 p-type Gai_xAlxN clad layer 

7 p-type GaN contact layer 
8, 9 Electrode 
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imm\.tL^%mf- 1 LT. 0-4;t(S1f§3iP4 - 2 4 2 9 

2)5a^$HTia'3. ^fcii#§3¥4-20 9 5 7 7^^i^^ 
-C-<*I nGa A 1 NiSr^3fe«t-r5y7'-'l"^XoS5t05 

[000 5] 

[l§?q*>*^^LJ:p t-#-^S!UII] p-nm^<r>'^m^ 
t±i;'32>S;*J#<, t.tLl — ■tF-^^li'>/i< .t'b-.xntg 

fc«a*-|6]®g{clc:*)-L, (lR:&i6]mBE (vf) *5K</j:i3, 
[0 0 0 6] *%e^wmi og6<jii, pMSSS 

W-<r>mT^^m^^^ r i: ic J; t) V f 5-{gT^-e:, ^^55!) 
{t;yy i?A^^k^i^iiti^fl:^ffli,N-r. SrJt/.c^^7'>'u-^v^ 

[0 0 0 7] 

a V <> j^7h^t^<^^mii^<o±\zmm ufc p M»i:;<f y <p 

p - nS-g-iS:*--ri^yyU'^-7^u^jt<^g.ft:itry 
^f.-^!feiJi^t^|g3t^^^lc:iJVNT, M g K— T'^ixfc p 
MGa i_xAlxN ({BL, X{i0<X<0. 5) :^ 7 K 
®(/^Jt{^. M^iim^^iH'b'<^mtLX. MgA^h'— 
T'^tLfcpiEG a N3>-^:{' H^^A^il-^ r t iSr^lf JS: 

mmtii y j^%it-^m^wm<r>±\z^ n sg a ^.y 


(3) 
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AlyN^^yK^ (fit. YJ40<Y<1) t. nmi 
"zGai-zN?5tt^ «tL, ZliO<Z<l) ir, fifrfSp 
glGai_xAl;jNi'7y KMi, stllSpSiG a 

[0008] ^^miomit:^ V ^-umit-^i^^i^^^ 

'^^i^{*:^3i, nSGa i_yA 1 YN:i'7 5/ K®4 (0 
<Y< 1) nmi n2Gai_2N (0<Z< 1) fSmm 
5i. Mg K— T'pSG a i_xA 1 xN (0<X<0. 
5) h'Se Mg h'~zfpmGaN=':^-$'-i^ h 

K-7'pMGaN=>:^^'^ hS7(Cl§:ittnfcmS, 9 
S-CfcS, atgUria-b-^r-fT, ZnO, s i c. s 
G a A 1 N^*sdgffl$Jx5„ 

[0009] BJJIE. fg{t;;Vy l>A3^{b^!|^-t-SI|:«c«7fe^ 

mi:imcm:&i-^ h<Ofj:< , G a N, G a a l In 
GaN, InAlGaN^, y ^ ^-^y (Mmu) (D^ 

V 'pJ^mit^^^Wm:!. WmiXSi. Ge, Te. S 

l-^S Lfc® ?rfflv •'-5 r yS^x-t s„ 
[0 0 10]!!>:{C. n®Gai_YAlYN:i'7-;/K^4 

T/uS:z^i7Aff-^!£:.Mj45fc5„ ti-^f/j:^^ n^Ga 

-&<!:, ^ 7 s/ 4 <dSbH±7JS^< <o . ^tftt^M^ 
T-r^A^hX'h^o nSGai.yAlyN^^^s/ K 

-tiST'tSo ^^lCif4L<(a, Yfil^O. SiilTirl- 
5 r i: »C i 13 i&=f-!Km^'})'fi < *Sa^tt(75 J; t > n S 7 
KS 4 e^ixSo n SG a ^.yA 1 yN ^ 7 4 |c 

^LfcipJC, / > K-7''^G a i_yA 1 yN. $ 
fclinS K-/^•V h'-7"LTnSil?^ttSr;^i-J; p IC 
fiKSLfcG a i_yA 1 yNiSrffll/^-Sr t;i)ST-§:5o 
[0011] n^I nzGai_2NSttiS5ia. 

mtt, I n G a NtO^<:^ m%3fe^PI§-t--5Ml6]|cfc5 
I n 2G a i_zNfi&tte 5 li, ^(OZMi 0 <Z< 1 (D^H 

ZG a l_2NS^4€»a, ^fSLycipJC, y:^^'-^^! 


S1#f4?r.-n-f-J; 9 (CfigS Lt I nzG a i-zSi^^T-t 
^.o lg3t1^.L>tLTMg. Zn, Cd. Be. C 

l^^SLItl nzGai_2N®^^«i-s~ tt>T'#5„ 
UX n m<mi^7f:i-j: 0 IC^ft Lfc I n zG a i_z^ 1>« 

[00 12] iJjlC, Mg K-ypSGai_xAlxN^7 
•>KS6I4, nSGai_yAlyN^'7:y KJi4tl5]U 

^-CfcS. St, P®Gai_xA IxNiJ'^s/ KJi6«7?X 
M»iO<x<o. 5(^gEia{r-rs^.^A5fc;5, OJ:?):*: 

L^^y-yy^^7^D^SiStf 5rtjl5T-t, 0. 5J;t)/h 
5<t-5rt{cj;!J t&^^Kmid^/j: < ^B^ftc;? j: 1, ^ p ^ 
^^7 7 K®6*5#bix5, iS»{C0. 5{U±T-fc-5t, p 


Sfc^bCl, :i<OMg K-7*pSGai_xAl 


N 


n 7G a 


1-Z 


NJ 


SfclinSK-^OKS: K-7'LTn 


7.7 KJf 6 ro^/?:ja, 1 0 :!t->ify>. h D 

0. 2um&.T<Dmmiz-r^^ttim^L\,\ io^> 
G a i.zNsti^ 5 1 m.^m^mm l-^< . 9 

7 K^t L-Cf^^L{C<l,^ i§4|co. 2;imJ;t)ti?^^ 
i ^B^afi ^ 7 7 ^ ;i5A !? ^ < ;i 19 ^^att;*?^ < -SM 
Ifill-foSo w<0piaGav_xAlxN:}'7 7 KS 

rwMg^::±|?pS#^4^^tX^^5rt-Cfe6, C(73M 
g©75>*?iJ{cte(Dp^K-^<Vh, •glJ^liZn, Cd, 
Be, C a p S h'~y<> h ^ K-^f-^ i p S^tt 

[00 13] Mg K-7*pSGa Na^'^'^' 

7li, ^(Ditm.^ I n, A 1 *•^^/^^^-5Srg^(og^ti 

fe^), -?-Op®Ga N3>^^? h^co^/PJil 0 

hn-Aia±, 0. 5 ;<mtiTJCigg-t-5- i: 

1 0;d->^^^ hnr-AJ;!7t»l^t. pSi 
G a A 1 7 7 6 iS^6<)(c^ , 

a A 1 Ni? 7 7 6<0±|C, m(0^/i^,-7ErgB^BW 

GaN^:^^^ hm^mmi-^it^^ ^^^^(Dmmi 

0. SAzmi.'? t/?<-f5<5:, SSB^ara(D$;^7^7 He 


(4) 
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O KwO h (iMg Mg (?37j>to 

l-<i'MafS)lc:foSo 

[0014] pSG a ^.^A 1 xNi? 7 y 6 . 

pSG a NS5:^ hizi&^mti-^^^t LT, ±|5 L 
t4#®^}2 3-357046 ■§-{c:gg,TKi-5 4 0 0 

[0 0 15] 

SGai_xA IxN^^s/ K®6<?5±{C. Mg K-^-p® 
^ Witcm^S 8 SrJK^r ^. r t IC J; 0 ^- 5 5^ ^g^itt^JS 

pffiG a i_xA 1 xNSfiJo 1 0 ^ Vcm^-efo" 
<? > pSG a NgdiJj:^ 1 0l7Xcm3i:-4fTa;Xf-o 

V^*^<!:Jt^-r5o Sfc. pSGaA 1 N^7-;/ KSeco 
±l-ag£cO^/i5pSlGa N=ii^^:;7 7 ^ 

■ ?r'>;'j^<t-5(a*. pMGa A 1 7-;/ KJl 6 COA 1 
h®7(OMfatosJ;<. t^~^ y =2 ^ 

[0 0 16] 

[0017] :mm'n:i ■^^T^rsmnRft^m^ 

fifeftiaSSrS 1 0°C\z±-y h u 

/u-;yyc>A) tSrffivv -l^7r'1'TS^5±^c:GaN^<5, 
:7 r ® 2 Sr*^ 2 0 0 h n- A<O^T-fiJc5$-Br 

So 

[0 0 18] ^<5'7z^2^g^, TMC(Ofy±ltX. 

raStSr 1 0 3 ox:^r'±n^iti>. 103 ot:ic/iofc 
^^ l^i:^</^^:«f;:^{CTMGt K— x-? 

>h;^f;^»c->7>;</;^$-ffii,>, S i ^ K-7*L7tn^G 

%1 


[0 0 19] nSGaN^3figfiS, 1^.514;^;=^, K-x< 
igir^8 0 0t:»CLT, 
TTMGirTMA ( S y > f^/UZ/U $ :r A) tT>^ 

7 KJi 4 i: LTS i K-^g a 0. 86A 1 0. 
0. 1 5;iini55cfi$-fr5„ 

^&S*8 0 0t:(CLT, =t+yT;V>.^g^,c§)»j# 
i^i^;y^<!: LTTMGirTMI ( f- y ^ 

Srffl^^ nSSttSsirLTSi K-yin0.01GaO 
99NS$r 1 0 0;i->^^ h a-i.^^$^5 
[00 2 1] mc. mn:^:^^ K-.<> h;<f^^ji:«> 
, nxj^^t: 1 0 2 0rST'±#$ii:, ^m^;^tLXT 

MCt. TMAt. T>W, K-.^•>^;!/^iUT 
Cp2Mg (i2^'n^>^i^^_^^_,^^^.^^^J 

pS^'7->K®6<tLT, Mg^h'-T-LfcpS 
G a 0. 86A 1 0. 14NS^ 0. 1 5 mfiE5$iJ:5 
[0 0 2 2] TMA(^;^ihJ6T. pS!=2>°^^ |. 

®7iLT. Mg K-rpSGaNS^O. 4;im^ft 

J 0 0 2 3 ] ^5^, SS^S^r^Sd^f,® t) ffi L T 
--y>^^e(^T^^??ffl^cf,^ .7 0ot:T'2 0 5>W 
T_-yVir^fTl\ pSGaO.86A10.14Ng. pg 

[0024] i:i±COJ:p|c:LT#t.iXfcc>3:.^^^,g,i 
l--p-rj;5JC3C2.9^>'i/Lr, nSGaN^3^®tiJS 

8, nSGaN®3{CflAl J;i5/j;5S^9;^g.,^ 5 

0 o'C-fSgr=-y vi^^m^mSi^t^y ^.a? 

^fe(c?fv>5o o 

ir^, ill;&f6]SgS2 0mA{C*J^^T, VffiSV. ^ 

3 7 0 n mT'll3tttl;0fi 7 0 0 /i W, IS^feg&i 
0. 7%<t®^x?i:4s^f4^,T^L,fc. 

[00.2 5] immm 2 ] ^ig^ii 1 icjot, m g k- 

flS;^riS)®iiit2 0mAICi3V>T. Ig^®*. ^^ai;^(±|53 
-T'$)-ofc*S, V f *5 4V{c:*T'TSS|9. :5g7£jS)^iS 
0. 8 8%<!:f6)±L}t. 

[0 0 2 6] mmm2 2 mmmuzisi,^x, pmug 

K-T-p^GaNn^^^ hScoffiHSrO. 1 ^ mlc-f 

5,^«g;&^S]S»£2 0mA^cfc^,^T. %3tfic*. ig^ffii 

*'^0. 8 8%i:|S)J;Lfc, 
[00 2 7] [^Jfeeil3] SJS^iJUcijv.T:, TMA05 
j5S*S:#<LT. pS^7y K^eOAljga^ait^Ga 


0. 55A 1 0. 45Ni-r5tefi, LT^Jt^V;*— K 

^riifctr-S, *II;^r6]a:i^2 OmA^Cio^^T, Vf{±6 

0. 2%T'fo-ofc, 

[0028] [^iS«aj4 ] ^ife^J 1 iziii^x. nm^y 

■<^~V^mz.t^^. «S:^fS)m^ft2 0mAlct^^^T. 
V f IS5VT-fco7t*s, ^3ttil:^(42 0 0MW, |§^i, 
-^0. 2%T-S>oA:. 

[0029] Ctt:is^(| 1 ] njs^ij 1 {c^s^.t:^ tmao 
0. 5A 1 0. SNt-fSteli, nm^x^x^it^^ir- 

[0 0 3 0] Litm'i2i mmmnzisi^x. pm='> 
-5, J5I;^iS)ma£2 omAjctju^r, vfiisovic^r- 
[0 0 3 1] iitrnm^-] m&mi\zi6\.sx^ ■p^i.y 

"tlCLTMg K— T'pM I nO. OlA 1 0. 14G a 0. 85N^ 
&i#fc<l: Ji|I;^|S):i;o{c2 OmAjjg-f i-t<'(c.%3fcL 
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[0 0 3 2] 

K«ro±(c:. ^'V^?^ hSiLTpSGaNS^^iit 
- <t*5T-#i. ^*'"f^PSiGaAlN€(OAl/gB^Btt:^ps 

^1-5 :: i: fc J: »7 ^SttlrffintBiifE p S ^ 7 KS 

[00 3 3] $ nSS{t:;yy A.^^k^^iji^^ 

®. nSGaAlN^7-;.K®, n^InGaNS^a 
«U BiliSp^'GaAlN^^yK^, MlEpSGaN 

[0034] 

[ElffioDfSH^/iljiB^] 

[01] *^?^o-|Sig^j(c^i^5^5t^^<ofl|Jt^.T^ 
[^•^rotJiig] 

2 • • • • • G a N^<->7r^ 

^ ss^b;^ y i> j^mt-^t^^^wm 

^ nSaGai.yAlyN;??-;/ 

^ I n2Gai_2NS<4S 

6 • • • • • p^Ga i_xA lxN:J'7S' Kg 

7 ..... pgjQ a N3>'^^ 

a: 9 • . 


[Hi ] 


